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New technologies in construction constitute a crucial element of effective development.
Contemporary trends have led to increasing interest in composite materials, mainly due to
their unique properties. The flexibility in shaping composite materials enables the production
of reinforcing bars, providing a viable alternative to the widely used steel bars. The imple-
mentation of innovative solutions necessitates monitoring the performance of structures. Using
information on the propagation of elastic waves is one of the non-destructive testing (NDT)
methods for observing the construction behavior. An effort to employ this technique in the
assessment of the anchoring condition and stress evaluation in glass fiber-reinforced polymer
(GFRP) bars is presented in this study. During laboratory testing, samples of ribbed bars
with diameters of ϕ6 mm, ϕ10 mm, and ϕ16 mm were used (a total of 20 bars). Measure-
ments were performed using laser Doppler vibrometry and piezoelectric transducers (PZT).
Elastic waves were excited using a PZT sensor attached to one end of the bar, and the wave
propagation was recorded in three ways: using a PZT sensor at the opposite end of the bar,
using LDV at the opposite end, and on the sidewall. The research included samples of bars
without anchorage, bars with anchorages (used for placement in a strength-testing machine),
and specimens subjected to tensile testing (according to ISO 10406-1:2015). The collected sig-
nals were compared in both the time and frequency domains, considering variations in wave
propagation due to different diameters, anchoring methods, and stress states. Based on the
obtained results, it can be concluded that the analysis of the elastic wave propagation holds
potential for assessing the condition of GFRP reinforcing bars.
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1. Introduction

The dynamically evolving construction industry requires the search for inno-
vative and technologically advanced materials. Composites (materials produced
by combining at least two components) can be classified as materials of the fu-
ture, gaining increasing significance due to a range of advantageous properties
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(such as high tensile strength, low self-weight, and good corrosion resistance)
[1, 2]. Glass fiber-reinforced polymer composites belong to the broader category
of fiber-reinforced composites. The flexibility in shaping these materials enables
the production of reinforcement bars, which serve as alternatives to conventional
steel reinforcement bars [3]. Modern engineering demonstrates growing interest
in reinforcement bars [4], particularly in the bridge industry, where they are
used as elements of deck reinforcement. Composite reinforcement bars are used
in both new engineering structures and the modernization of existing ones (such
as bridge widening or deck replacement) [5, 6]. Composites, a relatively new al-
ternative to traditional materials, require monitoring of the structural condition,
which can be effectively achieved through non-destructive testing methods [7].
Among the numerous NDT methods, elastic wave measurement and analysis are
commonly used.
Researchers widely discuss the propagation of elastic waves in bars as a key

aspect of studying mechanical properties and response to dynamic loads. This
phenomenon is analyzed using both experimental methods and numerical sim-
ulations. With laser Doppler vibrometers and piezoelectric transducers, waves
passing through the bar can be precisely recorded and analyzed [8, 9]. Zhang
et al. [10] investigated waves in elastic rods under axial constant velocity load-
ing. They demonstrated that axial waves in elastic rods influence dynamic sta-
bility and can potentially cause rapid buckling. In turn, Zhang andWang [11]
employed artificial neural networks to predict the propagation of elastic waves
in composites. They demonstrates the relationship between the material’s mi-
crostructure and wave propagation. Rigby et al. [12] examined the disper-
sion problem in the Hopkinson pressure bar, analyzing it in the context of the
Pochhammer–Chree equation, which was originally described in [13].
Scientists are increasingly analyzing the behavior of composite bars in build-

ing structures. Huang et al. [14] and Chen et al. [15] investigated the perfor-
mance of connections between composite steel and fiberglass bars and concrete.
They analyzed the adhesion forces between the materials as well as mechanical
properties such as tensile strength and corrosion resistance. In turn, Rucka
et al. [16] discussed the results of experiments and proposed a data analysis
algorithm that accurately assesses the quality of reinforcement bar anchorage
based on elastic waves. The topic of composite reinforcement bar anchorage was
also discussed in [17], where the authors investigated the effect of the anchorage
length of GFRP reinforcement bars in concrete columns. Strength tests car-
ried out on the anchored bars demonstrated that appropriate anchorage length
significantly affects the efficiency of force transfer and the structural strength.
This article discusses the potential for assessing the condition of GFRP re-

inforcement bars based on the propagation of elastic waves. The authors in-
vestigated the effect of anchorage on elastic wave propagation and examined
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the influence of the applied force on the bars. Additionally, the failure process
of the bars was analyzed, with an attempt to identify common damage fea-
tures based on the elastic wave propagation. The research on GFRP bars is
motivated by the development of composite bar applications as an alternative
reinforcement in civil engineering structures (CES). These reinforcement bars
are primarily located in tensile zones within such structures and are responsi-
ble for transferring tensile forces. The authors explore the application of elastic
wave propagation phenomenon to monitor the condition of CES reinforced with
GFRP, making it crucial to determine the influences of strain state on wave
propagation in bars made from this material. To ensure objectivity, the influ-
ence of varied diameters and anchorage conditions was also considered.

2. Materials and methods

Laboratory tests were conducted on composite ribbed bars made of glass
fiber. The bars varied in diameter, total length, and anchorage zone length.
Table 1 presents detailed data on the tested bars [18]. In total, 20 bars were
examined: 5 with a diameter of 6 mm, 10 with a diameter of 10 mm, and 5
with a diameter of 16 mm (Fig. 1). Each sample was assigned an alphanumeric

Table 1. GFRP bar test details.

Sample label

Resin
and fiber
content
by weight

Material
density
[kg/m3]

Modulus
of elasticity
[GPa]

Bar size
[mm]

Bar length
[mm]

Length
between
anchorages
[mm]

P0601a-P0605a
epoxy
75%–80%

2075 50± 5
6 1028–1036 380

P1001b-P1005b
P1006c-P1010c

10 1028–1039 400

P1601c-P1605c 16 1347–1352 550

a) b)

Fig. 1. GFRP bars: a) unanchored, b) anchored.



638 A. Rzepka et al.

code (for example, “P0601” indicates a bar with a 6 mm diameter, where “01”
represents the first sample). The additional letters “a”, “b”, and “c” refer to
different production batches (variations in rods’ color shown in Fig. 1a may indi-
cate different resin modifications used in the manufacturing process; however,
the declared strength parameters remained unchanged).
Laser vibrometry (Polytec Scanning Vibrometer PSV-400-3D) and piezoelec-

tric transducers (5 mm× 5 mm× 2 mm CMAP7 transducers by Noliac, attached
using wax and quick-drying glue) were used to investigate elastic wave propaga-
tion. The GFRP bars tests involved analyzing the rods in two states: unanchored
(Fig. 1a) and anchored with a steel pipe filled with concrete (Fig. 1b). The ex-
amination was conducted in four steps (shown schematically in Fig. 2):
– unanchored bars (Fig. 2a) – secured with fastening cables on a supporting
frame; wave measurement with LDV on the sidewall and in the front; no
loads applied,
– anchored bars (Fig. 2b) – laid on the supporting frame; wave measurement
with LDV on the sidewall and in the front; no loads applied,
– anchored bars (Fig. 2c) – laid on the supporting frame; wave measurement
with by PZT sensor at the front; no loads applied,
– standard tensile test (Fig. 2d) – anchored specimens mounted in a standard
testing machine; PZT measurements at the front; LDV measurement on
the sidewall; load gradually increased.

a) b)

c) d)

Fig. 2. Measurement setup for: a) unanchored bars, b) anchored bars, c) anchored bars with
PZT transducers using LDV, d) anchored bars in the standard testing machine; WES – wave ex-
citation set (wave generator, amplifier, exciter), SRS – signal recording set (signal pre-amplifier,

oscilloscope).



Assessment of GFRP reinforcement bars condition based. . . 639

In Fig. 2, the WES box represents the wave excitation set, which includes
a wave generator, amplifier, and exciter. The SRS box depicts the signal record-
ing set, which consists of a signal pre-amplifier (AEP5x5-V2 Vallen Systeme
GmbH) and a 4-channel digital oscilloscope (LeCroy WaveRunner 104 Mxi).
The laser Doppler vibrometer corresponds to the LDV boxes.
Regardless of the task, the wave was excited with PZT sensor glued to one

end of the bar. Waves were generated using a 2.5 sine wave packet at a fre-
quency of 10 kHz and amplitude of 8 Vpp, amplified 20 times. The measurement
point on the sidewall was located 50 cm from the actuator, while the measure-
ment point at the front of the bar was opposite the exciter. Tests on unanchored
bars included analyzing the effects of sensor glueing, bar length, diameter, and
material. At this stage, five rods with a diameter of 6 mm and ten rods with
a diameter of 10 mm were analyzed. All rods were selected for the series of tests
on anchored rods. In this stage, the effects of rod length and diameter were ana-
lyzed. The change in wave propagation due to anchoring was also investigated.
The final stage of the anchored bar tests focused on analyzing the influence of
applied forces and observing the nature of breakage. The impact of the applied
force on wave propagation was examined by measuring the waves at the ends
and sidewalls of tods with diameters of 10 mm and 16 mm (five rods of each
diameter). Due to the small diameter of the rod and difficulty in precisely locat-
ing a measurement point on a non-curved fragment, 6 mm rods were excluded
from this stage. A tensile test was conducted using a testing machine in accor-
dance with ISO 10406-1:2015, which specifies test methods for fiber-reinforced
polymer (FRP) reinforcement of concrete, including FRP bars and grids. The
results of this test are detailed in [19]. The bars were loaded in 10 kN incre-
ments, with 10 mm diameter rods tested up to 70 kN and 16 mm diameter rods
up to 150 kN. After each increment, a stabilization period followed, during which
elastic wave propagation through the bar was recorded. This process was then
repeated with each subsequent load step. Figure 3 shows results obtained from
the testing machine, with an example for sample P1006.

Fig. 3. Time-load curve for sample P1006.
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3. Test results and discussion

3.1. Results for unanchored bars

3.1.1. The effect of actuator attachment. The collected signals were ana-
lyzed in both the time and frequency domains. Based on the frequency domain
signal analysis, a bandpass filter was selected to reduce measurement noise, re-
taining frequencies in the range of 20 kHz–33 kHz (corresponding to the effective
frequency of the wave excited by 2.5 cycles of sine wave at 10 kHz, i.e., 25 kHz).
Figures 4 and 5 show example results of the filtered signal for an unanchored
rod with a diameter of 6 mm, recorded respectively from the front and the side-
wall. Figures 4a and 5a show the original signal, Figs. 4b and 5b presents the
signals transformed into the frequency domain, both before filtering (blue) and
after filtering (red), while Figs. 4c and 5c compare the original signals (blue) with
the filtered signals (red) in the narrowed time interval. Comparing Figs. 4 and 5,
differences in the number of cycles and amplitude due to different measurement
locations can be seen. Furthermore, Figs. 4c and 5c show differences in how
wave propagates depending on the measurement location. Similar trends were
observed for rods with a diameter of 10 mm.

a)

b)

c)

Fig. 4. Exemplary elastic wave measurement registered using the LDV technique for an unan-
chored rod with 6 mm diameter: a) the original signal registered from the front, b) single-sided
spectrum of the original and filtered signals in the range of 0 kHz–100 kHz, c) comparison of

original and filtered signals in a narrowed time interval.
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a)

b)

c)

Fig. 5. Exemplary elastic wave measurement registered using the LDV technique for an unan-
chored rod with 6 mm diameter: a) original signal registered on the sidewall, b) single-sided
spectrum of the original and filtered signals in the range of 0 kHz–100 kHz, c) comparison of

original and filtered signals in a narrowed time interval.

Between each pair of tests, the sensor was removed and reattached to the
bar using wax. Figure 6 presents an example of three measurements taken from
a bar sample with a diameter of 6 mm, showing the filtered signal measured
from the front. By comparing Figs. 6a, 6b, and 6c, differences in the num-
ber of clearly visible cycles across the measurements can be observed (high-
lighted in the red-marked area). Additionally, amplitude values vary among
Figs. 6a–6c. The first three cycles are highlighted in green: the first cycle corre-
sponds to the wave reaching the opposite end of the rod, while the second and
third cycles represent successive reflections – the wave returns to the excitation
end, reflects off the edge, and then again returns to the measurement point.
Therefore, the distance between consecutive cycles reflects the time interval re-
quired for the wave to travel twice the length of the rod. These differences may
arise from variations in the length of the bar as well as from the attachment of
the exciter (despite using the same adhesive and excitation source). Ziaja and
Jurek [20] discuss this issue and indicate that changes in the method of ac-
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a)

b)

c)

Fig. 6. Wave propagation measured from the front of the unanchored bar for sample P0603:
a) first measurement, b) second measurement, c) third measurement.

tuator attachment, such as those depending on the precision of application or
adhesive distribution, impact the generated wave.
Figure 7a shows the wave propagation for the unanchored rod with a diam-

eter of 10 mm measured from the front, while Fig. 7b shows the measurement
taken on the sidewall. Figure 7a demonstrates a more significant number of wave
packets compared to Fig. 6. The excitation parameters were consistent for rods

a)

b)

Fig. 7. Wave propagation measured of the unanchored bar for sample P1006:
a) from the front, b) on the sidewall.
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of different diameters, and the signal recorded at the end of the measurement
period is of higher quality (with distinct wave packets visible). A larger rod di-
ameter appears to facilitate easier wave propagation with lower losses. Analysis
of the remaining data revealed that similar differences are also evident in other
samples.
The differences observed in multiple measurements of the same sample arise

because it is not possible to attach the sensor to the sample in the same posi-
tion after it has been removed. The attachment of the sensor is not repeatable
due to variations in adhesive thickness and potential shifts of the actuator rel-
ative to the bar axis, even with precise attachment. For bars with a diameter
of 6 mm, greater variations in wave propagation between measurements are ob-
served compared to bars with diameters of 10 mm and 16 mm. This may be due
to the ration of the actuator size to the rod diameter (as the same sensor was
used regardless of rod size). Changes in attachment affect both the wave mea-
sured along the rod’s axis and the one measured on the sidewall. The differences
in waves recorded on the sidewall appear to be greater than those recorded from
the front. This is possible because the laser does not always precisely target the
same point on different specimens. As a result, it is easier to hit a point on
the flat surface of the rod (from the front) than on its curved part (the ribbed
sidewall).
When comparing signals recorded for the 6 mm diameter samples (Fig. 6)

and the 10 mm diameter samples (Fig. 7), a significant difference (by an order of
magnitude) in amplitude is observed despite identical excitation conditions for
both types of samples. The same trend was consistent across other the remaining
samples. Due to amplitude variations in signals recorded for the same sample
after detaching and reattaching the actuator (see Figs. 6a and 6b), the collected
time-series data were normalized to the range ⟨−1, 1⟩ for further analysis.

3.1.2. Influence of geometric and material parameters of bars. Wave prop-
agation in bars of different lengths was investigated experimentally. For the
analysis, the shortest and longest specimens from each type were selected (all
rods were produced within the same manufacturing batch). The following sam-
ples were chosen:
– ϕ6 mm: P0602: length 1028 mm, and P0603: length 1036 mm,
– ϕ10 mm: P1006: length 1029 mm, and P1007: length 1039 mm.
In Fig. 8, the waveforms measured from the front of two 6 mm samples,

differing by 8 mm in length (P0602 and P0603) are presented. Figure 8a shows
the waveforms in a narrowed time interval, while Fig. 8b presents a close-up
view of the region with the highest amplitude, highlighted by a green rectangle.
No significant differences between the signals for the two bars in the initial
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a)

b)

Fig. 8. Wave propagation from the front for 6 mm diameter unanchored bars: a) signal in the
narrowed time interval, b) close-up view of the region of the highest amplitudes.

propagation phase were observed. In the case of the first wave cycle (marked
with a black dashed rectangle in Fig. 8a), the waves overlap each other, and the
phase difference is difficult to detect. The zoomed-in view of the region with
the highest amplitude (Fig. 8b) reveals only a slight phase difference between the
waves for both samples.
Additionally, the exact values of the time shift for the highest amplitudes in

Fig. 8b are marked. The phase shift between the two wave segments is less
than 0.1%. The influence of the bar length difference on elastic wave propagation
becomes more noticeable with successive reflections of the wave from the bar
ends. Similar effects were also observed for bars with a diameter of 10 mm. In
this case, the difference in the time shift in the region of the highest amplitudes
is about 0.5%.
In summary, the impact of rod length differences on the time corresponding

to the peak wave amplitude after the first (or second) pass is minimal. How-
ever, this impact becomes more pronounced with subsequent waves traveling
through the rod. Thus, the analysis could be limited to a narrower time interval
of ⟨0.0007 s, 0.0017 s⟩, corresponding to 2.5 wave cycles for unanchored bars.
Rods with different diameters and slightly varying lengths were selected for

comparison. The selected samples are P0602 (1028 mm) and P1006 (1029 mm).
Figure 9 presents the waveforms for rods of different diameters in a narrowed
time interval. Figure 9a shows the wave recorded from the front, while Fig. 9b
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a)

b)

Fig. 9. Wave propagation in unanchored bars of different diameters:
a) wave measured from the front, b) wave measured on the sidewall.

shows the wave recorded from the sidewall. Comparing Figs. 9a and 9b, it can
be observed that the wave’s behavior and characteristics vary significantly de-
pending on the measurement location. In Fig. 9a, the rod with the larger di-
ameter exhibits more pronounced signal attenuation, particularly in the regions
between consecutive wave packets. The phase shifts of approximately 2%–3%
observed in Fig. 9 may be attributed to differences in wave propagation speed
in the medium. As shown in [19], the rod with the larger diameter of 10 mm has
a different Young’s modulus, which influences the phase velocity (according to
Eq. (3.2)) compared to the rod with the smaller diameter of 6 mm.
The next stage of the analysis involved checking whether differences in resin

modification during the manufacturing process affect the propagation of elastic
waves. The selected bars have the same diameter and length. Sample codes
are P1002b and P1007c. Figure 10a shows the wave measured from the front,
while Fig. 10b shows the wave measured from the sidewall. In Fig. 10, one can
observe that despite originating from different production batches, the wave
characteristics for both rods are very similar. Slight phase shifts may result
from differences in the rods’ density, Poisson’s ratio, or Young’s modulus, which
can influence variations in the wave propagation speed. Even minor changes in
material composition can lead to small but noticeable differences in elastic wave
propagation, as shown in Fig. 10.
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a)

b)

Fig. 10. Wave propagation in 10 mm diameter bars from different production batches: a) wave
measured on the front, b) wave measured from the sidewall.

Wave speed calculations were conducted to gain a more detailed understand-
ing of how bar length and bar diameter affect wave propagation. Initially, the
velocity was estimated individually for each bar using the formula [21]:

(3.1) v =
X

t
[m/s] ,

where v denotes the wave velocity, X is the bar length, and t is the time. The
time value used to calculate the wave speed was obtained from signal analy-
sis (measured between the peaks of adjacent signal packets). The results are
provided in Table 2.

Table 2. Comparison of elastic wave velocity, determined experimentally, and phase
velocity calculated by solving the Pochhammer–Chree equation (corresponding to the

excitation frequency f = 25 kHz), for E = 50 ±5 GPa.

Sample label
Wave velocity [m/s]

v Cp

P0602 4720
4924–5443P0603 4715

P1002 4867

P1006 5095 4922–5440

P1007 4976
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The elastic wave propagation in bars is described by the Pochhammer–Chree
equation [12, 13, 22]:

(3.2) (x− 1)2Φ(ha)− (βx− 1)[x− Φ(ka)] = 0,

where x = (Cp/C0)
2(1 + υ), β = (1 − 2υ)(1 − υ), h = γ

√
(βx− 1), k =

γ
√

(2x− 1), Φ(y) = yJ0(y)/J1(y), γ = 2π/L, a is the bar radius, C0 the longi-
tudinal wave velocity, Cp – the phase velocity, L – the wavelength, ν – Poisson’s
ratio, and Jn(y) – is a Bessel function of the first kind of order n.
By numerically solving Eq. (3.2) using the material parameters presented

in Table 1 (density and modulus of elasticity) and assuming a Poisson’s ratio
ν = 0.20 (assumed based on [1, 23]), the phase velocity was calculated. The re-
sults for the excitation frequency of 25 kHz, which corresponds to the frequency
used in the experiments, are shown in Table 2. It should be noted that the
material properties significantly influence wave velocity, and these properties
were not precisely known for the analyzed bars. Table 2 shows the influence of
varying the modulus of elasticity (with the lower bound in the third column set
at E = 45 GPa, and the upper one at E = 55 GPa). The influence of density
variations and Poisson’s ratio was not analyzed in this study. The differences in
theoretically calculated phase velocity resulting from changes in bar diameter
(in the analyzed range) appear to be insignificant compared to the variabil-
ity resulting from material properties. Despite that, a difference between wave
velocities for bars of different diameters is visible in experimental data. This
observation is consistent, as mentioned earlier, with findings reported in [19].
Moreover, differences in velocity (on the order of approximately 2%) were ob-
served in rods with the same diameter and length but from different production
batches (P1002 and P1007).
To sum up, tracking changes in recorded elastic wave signals, such as varia-

tions in their propagation, can provide insights into the material and geometric
parameters of the examined object.

3.2. Results for anchored bars

3.2.1. Influence of the anchoring effect of bars. The next stage involved
assessing the impact of bar anchorage. Figure 11 presents the time signals for
unanchored (blue signal) and anchored (red signal) bars. Figure 11a shows the
signal recorded from the front, while Fig. 11b shows the signal recorded on
the sidewall.
The first noticeable difference is the variation in amplitudes. This may be

due to the fact that the exciter on the unanchored bars was attached with wax,
while on the anchored bars it was attached with quick-dry glue. As mentioned be-
fore, the method of exciter attachment is crucial [19]. The adhesive was changed
during the experiments to prevent the exciter from detaching during testing of
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a)

b)

Fig. 11. Wave propagation in anchored (red signal) and unanchored (blue signal) bars:
a) wave measured from the front, b) wave measured on the sidewall.

a)

b)

Fig. 12. Wave propagation in anchored and unanchored bars (normalized signal):
a) wave measured from the front, b) wave measured on the sidewall.
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anchored bars in the standard machine at the final stage of examination. Further-
more, for future field applications, it is more practical to install PZT transducers
rather than employ the LDV system (e.g., rods in a structure cannot be directly
observed). Consequently, the signal was normalized, as shown in Fig. 12.
The differences in wave propagation between anchored and unanchored bars

are evident, as shown in Fig. 12. These differences can be observed for both the
waves recorded from the front and those recorded on the sidewall. Addition-
ally, the wave recorded on the anchored bars does not separate into distinct
wave packets as seen in the unanchored bars. Therefore, it is impossible to
limit the analysis to the previously selected fragment (for unanchored bars)
of the recorded wave. Instead, the signal registered on the anchored bars ex-
hibits a more continuous nature. Due to anchoring on both ends, it is unclear
from the signals where exactly the wave encounters the anchorage zone. De-
spite this, these results are promising for determining whether the rod has been
anchored in a structure.

3.2.2. Verification of stress states. The verification of stress states in the
material and their influence on wave propagation was carried out as part of
the study. Rods with diameters of 10 mm and 16 mm were analyzed. Tensile tests
were conducted using a testing machine, with waves recorded by PZT transduc-
ers (see Fig. 2d). The tests involved applying loads in increments of 10 kN,
ranging from 0 kN to 70 kN for the 10 mm diameter rods, and from 0 kN to
150 kN for the 16 mm diameter rods. The recorded signals were analyzed in the
time domain, focusing on parameters such as signal energy and the abscissa of
the center of gravity of the signal square.
Figure 13 illustrates the variations in the propagation of the elastic wave

for successive loads applied to the bar. As the load increases, the amplitude de-
creases. Furthermore, under the influence of the load, the signal shifts to the left.
Based on this, we can conclude that the stress state in the element affects wave
propagation.
To describe the changes in the signal, the following parameters were calcu-

lated using formulas (3.3) and (3.4) [24]:
– signal energy:

(3.3) Ex =
N∑
0

x2(n),

– abscissa of the center of gravity of the signal square:

(3.4) n1x2 =

N∑
0

nx2(n)

/
N∑
0

x2(n),

where x(n) represents the value of the signal at discrete time index n, and N
represents the total number of registered signal samples.
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a)

b)

c)

d)

e)

f)

g)

h)

Fig. 13. Wave propagation depending on the applied force (sample P1006):
a) without load, b) 10 kN, c) 20 kN, d) 30 kN, e) 40 kN, f) 50 kN, g) 60 kN, h) 70 kN.
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Due to differences noticeable at the beginning of the signal in Fig. 13, the
signal energy and the abscissa of the center of gravity of the signal square were
calculated over a restricted recording time interval (from 0 s to 9e–4 s). The com-
parison of signal energy for all 10 mm diameter samples is shown in Fig. 14a,
while Fig. 14b displays the energy values over a narrower scope interval. The
distribution of signal energy is illustrated in Fig. 14c. Figure 14d presents the dis-
tribution of signal energy for the 16 mm diameter samples. In Fig. 14a and 14b,
the star symbol represents the experimental results of the signal energy calcu-
lated for specific force applied to the bar. The lines connecting these markers
are used to visually depict the variation in signal energy as a function of force

a)

b)

c)

d)

Fig. 14. a) Signal energy as a function of applied forces and its distribution (bars with a diame-
ter of 10 mm); b) signal energy as a function of applied forces and its distribution in a narrowed
range (bars with a diameter of 10 mm); c) distribution of signal energy in a narrowed range
(bars with a diameter of 10 mm); d) distribution of signal energy in a narrowed range (bars

with a diameter of 16 mm).
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and do not represent measured values. Figure 14c shows the signal energy distri-
bution for the 10 mm diameter bars under the same force level, while Fig. 14d
presents the same for the 16 mm diameter bars. The edges of each box indi-
cate the interquartile range, the middle red line within the box represents the
median, and the lines extending beyond the box denote the range of results
excluding outliers, which are shown as blue circles.
It can be observed that applying a load to the system causes a sharp decrease

in signal energy. The significant drop in energy between 10 kN and 20 kN sug-
gests considerable variability in signal behavior within this load range, as also
observed in Figs. 13b and 13c (with decreases in amplitude values and changes in
wave propagation). Successive increases in load values cause additional changes
in energy levels (as the load level increases, the signal energy initially decreases,
then slightly rises, and decreases again). Similar patterns in energy changes are
observed across all samples, which may be useful for determining whether an
element is subjected to a load. Similar results were also found for rods with
a diameter of 16 mm. Moreover, comparing Figs. 14c and 14d reveals that the
energy values for the 16 mm diameter rods are significantly higher than those for
the 10 mm diameter rods. This may indicate that the larger volume of material
allows for more efficient capture and propagation of elastic energy.
Figure 15 shows the signal in a narrowed time interval, with the abscissa

of the signal’s center of gravity marked for the unloaded state (Fig. 15a) and for
the rod under maximum load (Fig. 15b).

a)

b)

Fig. 15. Abscissa of the center of gravity of the signal square (sample P1006)
corresponding to the load levels of: a) 0 kN, b) 70 kN.
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As can be seen in Fig. 15, the abscissa is located in different places the two
states. However, when comparing the abscissa for successive load increments
across different samples no clear relationship emerges. It is challenging to pin-
point similar, clearly identified trends among different samples, regardless of bar
diameter.
Considering the promising results for signal energy, the decision was made

to divide the recorded signals into three equal time intervals: the first time
interval from 0 s to 3e–4 s, the second from 3e–4 s to 6e–4 s, and the third
from 6e–4 s to 9e–4 s. Signal energy was calculated for each interval, and the
results are presented in a spatial plot (Fig. 16). Data points are color-coded
according to the applied force level. Figure 16a presents results for the full load
range (0 kN–70 kN). As observed, the difference between the unloaded state
and the first applied load is so large that the effect of subsequent loading cannot
be seen. To address it, the load range was narrowed to 10 kN–70 kN. Figure 16b
shows the results for forces within this range. However, dense clustering near zero
still prevents clear identification. Consequently, the range is further narrowed to
20 kN–70 kN, as shown in Fig. 16c. In this plot, the differences corresponding
to the successive load levels of the samples become more visible.

a) b) c)

Fig. 16. Signal energy distribution across three time intervals for varying force levels, with
the x-, y-, and z-axes representing energy from the 1st, 2nd, and 3rd intervals, respectively:
a) force range from 0 kN to 70 kN, b) force range from 10 kN to 70 kN, c) force range from

20 kN to 70 kN.

For better visualization of the results, Fig. 17 shows views from three dif-
ferent perspectives: Fig. 17a shows the top view, Fig. 17b the left view, and
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a) b) c)

Fig. 17. Projections of signal energy distribution: a) 1st vs. 2nd interval energy,
b) 1st vs. 3rd interval energy, c) 2nd vs. 3rd interval energy.

Fig. 17c the right view. Additionally, Fig. 17b highlights areas of result cumu-
lation for forces of 60 kN and 70 kN. As can be observed in Figs. 16c and 17,
the higher applied forces, the smaller differences in signal energy values in the
selected time intervals for all samples studied. These outcomes are promising
in terms of the potential determination of the bar’s load level. To confirm this,
expanding the database and conducting numerical simulations would be neces-
sary.

3.2.3. Analysis of the destruction form. The final stage of the composite bar
investigation involved analyzing the destruction proces. Due to non-uniform be-
havior of the samples during loading (as shown in Fig. 14b, where the signal
energy for sample P1007 at 50 kN is different from that of other samples), the
bars were underwent visual inspection after testing. Only the final failure pat-
terns were evaluated and compared after removing the bars from the standard
testing machine. Different damage mechanisms observed in bars with a diameter
of 10 mm (samples P1006–P1010) are marked with colored ellipses in Fig. 18.
The yellow ellipse indicates damage to the ribs of the bars, the green ellipse re-
veals protruding fibers in the anchorage zone, the blue one illustrates bar swelling
(change in diameter), and the red ellipse indicates a complete detachment of
the bar from the anchorage accompanied by fiber delamination. Although some
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Fig. 18. Damaged reinforcement bars with a diameter of 10 mm (samples P1006–P1010).

damages were similar across sample (e.g., fiber cracking observed in samples
P1007 and P1006), they did not occur in the same locations along the bar’s
length.
Similar damage patterns were observed in rods with a diameter of 16 mm,

suggesting that the type of damage may be independent of the bar diameter.
The application of artificial intelligence to predict failure mechanisms based on
registered wave propagation signals is planned for future task.

4. Summary and conclusion

This article presented the results of elastic wave propagation research on
GFRP rods of different diameters. Measurements were conducted using laser
Doppler vibrometry and piezoelectric transducers. The study focused on ana-
lyzing unanchored bars, the influence of anchoring, the influence of stress states,
and the visual assessment of damage patterns.
The main conclusions drawn from the research are as follows:
1) Elastic waves measured from the front of the bar (opposite the excitation
side) were more apparent, allowing for the extraction of regular, distinct
wave packets. In contrast, those measured on the sidewall were denser and
more compact.

2) In analyzed cases, differences in wave propagation caused by variations
in specimen length was negligible during the initial part of the registered
signal ⟨0.0007 s, 0.0017 s⟩, corresponding to 2.5 wave cycles.

3) Rod diameter influences wave propagation – the larger the specimen di-
ameter, the higher the value of experimentally determined wave velocity.

4) A satisfactory agreement between experimentally determined wave veloc-
ity and those calculated based on theoretical formulas was obtained.

5) Clear differences between anchored and unanchored bars were observed –
identifying individual packets was difficult or even impossible in anchored
rods.
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6) The effect of the stress field in the rod on wave propagation was evident –
the higher the applied force, the lower the energy of the registered signal.

7) The exact correlation between registered wave and the failure mode of the
samples could not be definitively identified based on parameters such as
signal energy or the abscissa of the center of gravity of the signal square.
This may be due to the limited number of test samples. However, based
on visual assessment, a few repeated defects can be pointed out: anchor
rupture, rod swelling (diameter change), and fiber cracking.
The presented results are promising for: a) determining the presence of an-

chorage and verifying material properties, b) identifying types of damage and accu-
rately locating them, and c) identifying tensile forces in the rods based on guided
wave analysis. However, it would be recommended to expand the database
from experiments and numerical simulations to identify the most important fea-
tures of wave propagation and deepen the understanding of these phenomena.
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